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Local accumulation of diacylglycerol alters
membrane properties nonlinearly due to its
transbilayer activity
Pablo Campomanes1, Valeria Zoni1 & Stefano Vanni 1
Diacylglycerols (DAGs) are bioactive lipids that are ubiquitously present at low concentra-
tions in cellular membranes. Upon the activation of lipid remodeling enzymes such as
phospholipase C and phosphatidic acid phosphatase, DAG concentration increases, leading
to a disruption of the lamellar phase of lipid membranes. To investigate the structural origin
of these phenomena, here we develop a coarse-grained model for DAGs that is able to
correctly reproduce its physicochemical properties, including interfacial tension and ﬂip-ﬂop
rate. We ﬁnd that even at low concentrations a nonnegligible percentage of DAG molecules
occupies the interleaﬂet space. At high concentrations, DAG molecules undergo a phase-
separation process from lamellar lipids, segregating in DAG-only blisters and effectively
reducing the DAG surface pool available to peripheral enzymes. Our results allow for a better
understanding of the role of DAGs in cellular membranes and provide a new tool for the
quantitative estimation of low-abundance lipids on membrane properties.
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D iacylglycerols (DAGs) are a minor component of cellularmembranes, acting as second messengers in a largenumber of diverse signaling pathways including lipid
metabolism, protein export, or neurotransmission1. Because of
that, they play a crucial role in cellular homeostasis, and mis-
regulation of their concentration might lead to severe conditions
such as Alzheimer’s disease or cancer2,3. Upon speciﬁc signaling
events, such as calcium-induced phospholipase C (PLC) activa-
tion or excessive food intake, the level of DAGs in speciﬁc
intracellular compartments can increase signiﬁcantly4. At those
concentrations, DAGs not only behave as signaling molecules but
also signiﬁcantly alter the physicochemical properties of the
membrane, promoting, for example, membrane fusion and
ﬁssion5,6.
While the properties of DAG-enriched membranes have been
characterized extensively using experimental methods7,8, the
structural origin of their behavior has not been convincingly
addressed. This stems from the physicochemical nature of DAGs
as weak nonionic surfactants, and from intrinsic limitations of
molecular dynamics (MD) simulations, the method of choice to
simulate lipid assemblies at the structural and dynamical level,
when dealing with this type of molecules and, more generally,
with phenomena that depend on the accurate reproduction of
interfacial tension at liquid/liquid and liquid/air interfaces. These
limitations hold true both for all-atom (AA) simulations, which
tend to overestimate the transbilayer ﬂip-ﬂop barrier for
DAGs9,10, and for commonly used coarse-grained (CG) models,
which suffer from intrinsic drawbacks when trying to reproduce
interfacial tension of liquid/liquid interfaces and pressure–area
isotherms11–13.
A powerful alternative in this context is the CG force ﬁeld
originally developed by Shinoda, DeVane, and Klein (SDK),
which has been shown to reliably reproduce properties at the
interface between water and lipids14–16. This model appears well
adapted to unambiguously characterize the relationship between
the molecular features of surfactant-like compounds and their
macroscopic physicochemical behavior, including their involve-
ment in large-scale biological events17. A major drawback of the
SDK model is the relatively low number of distinct beads that are
currently available in this force ﬁeld. This limits the number of
different species that can be currently simulated and, therefore, its
range of applicability.
To overcome this limitation, we here extend the SDK model by
incorporating a new bead (hydroxyl, OG) to treat at the CG level
molecules having this functional group, which is commonly
found in many compounds that behave as weak surfactants,
including DAGs such as dioleoylglycerol (DOG). We show that
our model is able to accurately reproduce experimental properties
of DAGs such as its interfacial tension with water and its ﬂip-ﬂop
free energy barrier in a solvated lipid bilayer, and that it allows
capturing morphological changes in the lipid organization of
phospholipid membranes induced by variation in DAG
concentration.
Results
Derivation of a coarse-grained model for diacylglycerols. The
requirement of a new bead (OG) to treat molecules such as DOG
(Fig. 1a) at the CG level called for the development of a set of
parameters fully compatible with the existent SDK force ﬁeld. To
this end, as a ﬁrst step, it was needed to identify a series of
compounds for which experimental density and/or surface ten-
sion data were available in order to determine all the nonbonded
Lennard-Jones (LJ) parameters involving OG. The literature
values of the selected compounds are collected in Table 118–22.
Their mapping can be found in Supplementary Fig. 1.
To improve transferability across chemically related CG
molecules and reduce the risk of overﬁtting, a redundant group
of compounds was chosen for the parameterization; i.e., the set
selected was composed by molecules that allow to simultaneously
reﬁne the original σ and ε parameters in more than one system,
making them concertedly consistent. In particular, the protocol to
adjust all new σ and ε nondiagonal parameters required running
hundreds of simulations around educated initial guesses (obtained
from the Lorentz–Berthelot combination rules) until σ and ε values
able to jointly reproduce (within the calculated standard deviations)
the target density and surface tension data were identiﬁed. As
illustrated in Fig. 1b and collected in Table 1, which reports the
calculated mean values together with the corresponding standard
deviations, experimental densities, and surface tensions are very
accurately reproduced: mean relative errors for ρ and γ are lower
than 0.9% and 1.9%, respectively. The ﬁnal set of consistent LJ
nonbonded parameters is given in Supplementary Table 1.
Interestingly, following the protocol mentioned above, a larger ε
value was found (Supplementary Table 1) for the OG–CMD2
interaction in comparison with those obtained for OG–CT,
OG–CT2, OG–CM, and OG–GL. This fact consistently reﬂects
the distinct chemical nature of the OG–CMD2 interaction: while all
mentioned hydrocarbon beads (CMD2, CT, CT2, CM, and GL) are
basically nonpolar and with a similar effective size (as described by
the σ parameter), CMD2 is unique because it presents a
nonconjugated C=C double bond in its molecular structure. It is
well known that the electronic cloud of this type of π-systems is
susceptible to form peculiar hydrogen bonding interactions with
hydroxyl groups (here represented by OG beads), and the
parameterization protocol employed here seems to accurately
reﬂect this fact by leading to a larger ε(OG–CMD2) value.
Together with the derivation of the aforementioned LJ para-
meters, we had to develop parameters for all the bonded interactions
that include OG. These parameters, which are given in Supplemen-
tary Tables 2 and 3, were set following an iterative procedure until a
consistent ﬁt between the bond and angular probability distributions
coming from both AA and CG simulations was obtained.
Next, we targeted the interfacial tension values of two alcohols,
1-pentanol and 1-hexanol23, to set the nonbonded parameters
describing the interaction of OG with water. The pair σ= 3.6580
Å and ε= 0.7479 kcal mol−1 provided the best agreement
between experimental and calculated values (Table 2).
Finally, we derived some missing parameters to account for the
interaction between DAG and lamellar phospholipids such as
phosphatidylcholine (PC). The off-diagonal LJ parameters
corresponding to the interaction between the OG and the CG
particles that form the PC moiety of DOPC (PH and NC) were
determined by using structural information coming from
atomistic simulations, and speciﬁcally the short-range behavior
of the OG–NC and OG–PH radial distribution functions (RDFs).
In particular, we used an iterative protocol that was extended
until a consistent match in the location of the ﬁrst peak of the
RDFs obtained from the AA and CG simulations was found.
Because of the existence of many other interaction terms in the
system, which we have not tried to optimize but kept ﬁxed, a
perfect match of all the peaks of the RDFs cannot be achieved
using a simple LJ potential energy function and more structured
RDFs were inevitably obtained from the atomistic simulations
(Supplementary Figs. 2 and 3).
Model validation. We then evaluated the ability of the para-
meters composing our new CG model to reproduce known
experimental properties of DAGs. First, we estimated the inter-
facial tension at the DOG/water interface. A very accurate match
between experiment24 (17.2 mNm−1) and simulation (17.2 ± 0.8
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mNm−1) was found for this system. Next, we prepared a system
composed of 46:25:29 in wt% of DOPC/DOG/H2O. As previously
discussed in the literature8,25, under these conditions the system
should adopt a stable inverse hexagonal phase. To investigate the
stability of this phase, we run a 2-μs-long CG simulation using the
force ﬁeld here developed for DOG. As can be seen in Supple-
mentary Movie 1, all the features of the original phase were
maintained during the time scale of our simulations, which fur-
ther validates our CG model.
To further assess the quality of our model for DAGs, we also
estimated the energy barrier associated to the transbilayer
movement of a speciﬁc DAG for which the experimental
determination of this property is available, dilaureoyl-sn-glycerol
(DLG), in a palmitoyl oleyl phosphatidylcholine (POPC) bilayer.
To do so, we computed the potential of mean force (PMF)
associated to the DLG ﬂip-ﬂop movement by using umbrella
sampling (US), in the spirit of previous studies on this topic9,26,
in order to drive the system into high-energy regions and,
therefore, evaluate the propensity of DLG to move between
leaﬂets. The projection along the z-axis of the distance between
the OG bead and the center of the bilayer was chosen as reaction
coordinate. The corresponding PMF, as the average of two
independent US simulations, is displayed in Fig. 2. The free
energy proﬁle reconstructed from these nonequilibrium simula-
tions shows a minimum at about 14.9 Å which correspond to the
middle of the bilayer. Moreover, it shows that the barrier that
DLG has to overcome to shift from one of the leaﬂets to the other
is of only 1.4 ± 0.2 kcal mol−1 (to be compared with the
experimentally reported value10 of about 2 kcal mol−1). This
result further corroborates the quality of the model here
developed for DAGs by accurately reproducing the experimen-
tally measured free energy barrier for this event. In comparison,
AA simulations have reported9,26 barriers for the ﬂip-ﬂop rate of
DAGs in the range of 6–9 kcal mol−1.
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Fig. 1 CG model derivation for DAGs. a All-atom (licorice) to coarse-grained (vdw) mapping for DOG. For better clarity, the hydrogen atoms in the
atomistic representation are not displayed. The nomenclature of the different beads was kept consistent with that of previous studies in phospholipids and
triglycerides16,40. A new particle to account for the hydroxyl group (OG, red) was introduced. b Calculated vs experimental density and surface tension
values for all the molecules in the data set used to derive the CG model for DAGs
Table 1 Compounds used in the derivation of the CG model for DAGs. Experimental and calculated density (ρexp and ρcalc) and
surface tension (γexp and γcalc) values are given in g cm−3 and mNm−1, respectively
Compounds LJ interactions ρexp γexp ρcalc γcalc T (K)
H2O2 OG–OG 1.453 75.94 1.44 ± 0.02 75.6 ± 0.7 291.15
Ethanol OG–CT2 0.782 21.55 0.778 ± 0.004 22.1 ± 0.3 303.15
1-Propanol OG–CT 0.797 22.93 0.790 ± 0.009 23.5 ± 0.3 303.15
1-Pentanol OG–CM
OG–CT2
0.808 24.92 0.79 ± 0.01 24.5 ± 0.2 303.15
1-Hexanol OG–CM
OG–CT
0.816 25.81 0.807 ± 0.006 26.1 ± 0.4 298.15
cis-4-decen-ol OG–CMD2
OG–CM
OG–CT2
0.846 31.48 0.844 ± 0.005 30.9 ± 0.4 303.15
Glycerol OG–GLT 1.259 63.40 1.260 ± 0.008 62.5 ± 0.2 293.15
Propylglycolate OG–EST
OG–CT
31.55 31.3 ± 0.1 293.15
Hexylglycolate OG–EST
OG–CM
OG–CT
29.66 30.9 ± 0.4 293.15
Table 2 Experimental and calculated interfacial tensions for
the compounds targeted to derive the interaction of OG with
water. In both cases, the experimentally measured and
computed values were determined at room temperature
(298.15 K) and pressure (1 atm)
Compounds LJ interaction γexp (mNm−1) γcalc (mNm−1)
1-pentanol OG–W 4.4 3.3 ± 0.6
1-hexanol OG–W 6.8 7.3 ± 0.6
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Morphological effects of diacylglycerols on lipid bilayers.
Finally, we studied the behavior of mixed DOPC/DOG bilayers
for increasing concentrations of DOG (from 5 to 50 mol%). These
systems mimic the effect of PLC on DOPC vesicles, where, over
time, DOPC is converted into DOG by the protein enzymatic
activity27. For what pertains the spatial distribution of DOG
molecules in the bilayer, our simulations show that there is a non-
negligible probability of ﬁnding the hydroxyl group of DOG in
the region between both leaﬂets (near the center of the bilayer)
already at low (5%) DOG concentration (Figs. 3 and 4a). In this
condition, 8% of the total DOG is entirely immersed in the
bilayer, without interacting with either water or the phosphate
groups of the DOPC lipids. When increasing the DOG con-
centration up to a value of 20%, the fraction of DOG that is
entirely immersed in the bilayer remains constant (Fig. 4b).
Above this value, the DOG population inside the bilayer increases
signiﬁcantly, while the amount of DOG at the bilayer/water
interface, and hence available to interact with peripheral enzymes,
plateaus to a concentration of 25% regardless of the total amount
of DOG initially present in the bilayer, in agreement with
experiments suggesting that the miscibility limit of DOG in
unsaturated PC lipids is of 0.25 molar fraction28,29. Of note, this
behavior is accompanied by a sharp change in the ﬂip-ﬂop bar-
rier, as computed by Boltzmann inverting the populations
obtained in the lateral density proﬁles (Supplementary Table 4),
that also drastically decreases for DOG concentrations above
20%.
Notably, above a DOPC:DOG molar ratio of 60:40, the system
undergoes a spontaneous phase-separation process, with a large
portion of DOG molecules accumulating between the two leaﬂets
of the bilayer and forming a lens with a thickness of 10.2 ± 0.3 nm
at its maximum (Fig. 4c). This suggests that, above a certain DOG
concentration, the membrane saturates and the excess of DOG
must be stored in the interior of the bilayer. Interestingly, this
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Fig. 2 Calculation of the potential of mean force associated to DLG ﬂip-ﬂop. a Representative snapshots illustrating the movement of the selected DLG
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Fig. 3 Spatial distribution of DOG in the bilayer. a Snapshots of two
representative DOG molecules. b Mass density proﬁles for the hydroxyl
group (OG bead) in DOG (red) and the phosphate group (PH bead) in
POPC (black)
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DOG concentration-induced change in the lipid organization of
the DOPC/DOG mixture is consistent with the ﬁndings of recent
spectroscopic experiments that reported a transition from a
lamellar composition to a biphasic mixture when the percentage
of DAG in a POPC bilayer was increased from 10 to 50%30, as
well as with previous studies on the activity of PLC on giant
unilamellar vesicles31,32. This rearrangement at high DOG
concentration reveals the dual nature of DAGs that, because of
the presence of a small polar headgroup in their structure, show
an intermediate behavior between that of oils and that of
phospholipids.
Discussion
In membranes, DAGs are generally believed to adopt a con-
formation that is similar to that of phospholipids, with their
hydroxyl group pointing towards water and their hydrophobic
chains residing in the membrane hydrophobic core. Our simu-
lations indicate that this assumption is mostly correct at low DAG
concentrations, but becomes less accurate with increasing DAG
content. Indeed, at high DAG concentration, we observed a
mechanism of lens formation by DAG that is akin to a similar
spontaneous process observed in MD simulations of lipid bilayers
enriched with triacylglycerol (TAG), of which DAG is a
precursor33.
This reﬂects similar physicochemical properties of TAG and
DAG, but also highlights important differences between the two.
First, TAG has a signiﬁcantly higher interfacial tension with water
(32 mNm−1 vs 17.2 mNm−1) and mostly resides in the interior
of the bilayer at low concentrations33,34. Second, blister formation
of TAG happens at a much lower concentration (~5%) than
DAG33. Third, while TAG blisters do exist in cells, where they
have been proposed to represent the early step of lipid droplet
(LD) formation in the endoplasmic reticulum35, DAG blisters
have not been observed, since in the absence of the last step of
TAG synthesis, i.e., DAG esteriﬁcation, ﬂuorescent staining of the
hydrophobic core of intracellular membranes does not show a
punctate localization typical of LDs, but rather remains diffuse in
the endoplasmic reticulum36.
Remarkably, cholesterol has a somewhat similar amphipathic
structure to that of DAGs, with a large hydrophobic region and a
small polar head consisting of only a hydroxyl group. Cholesterol
has also been shown to reside partly in the interior of lipid
bilayers consisting of polyunsaturated phospholipids, using a
combination of neutron scattering and MD simulations37. Unlike
DAGs, however, cholesterol is known to be present at high
concentration (~50%) in saturated or monounsaturated phos-
pholipid bilayers without disrupting their lamellar phase. We
speculate that the molecular origin of this difference could be
twofold: on the one hand, cholesterol, unlike DAG, establishes
preferential interactions with saturated and unsaturated tails of
phospholipids due to its unique rigid-rings molecular structure38,
on the other hand DAGs, and especially DOG (intrinsic mole-
cular curvature ζDOG=−1 nm−1) have a markedly higher
inverted conical shape than cholesterol (ζCHOL=−0.4 nm−1)8,39.
In fact, because of their shape DAGs are known to form
nonlamellar hexagonal or cubic phases at low hydration levels25
and have even been proposed to promote such phases in biolo-
gical membranes. Our simulations, however, suggest that in the
presence of excess water, as is the case in a physiological context,
DAGs rather partially sequester in the interior of the lipid
membrane.
In summary, we present here a new CG model for DAGs that is
fully compatible with the SDK force ﬁeld and that is able to
accurately reproduce experimental properties of DAGs such as its
interfacial tension with water and its ﬂip-ﬂop free energy barrier
in a solvated lipid bilayer. This model allows to capture mor-
phological changes in the lipid organization of phospholipid
membranes induced by variation in DAG concentration. More-
over, thanks to the strategy employed in the parameterization, the
same nonbonded parameters developed in this work can be used
to treat other species with a hydroxyl group in a similar chemical
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environment; therefore, no modiﬁcations are required to describe
chemically related OH-containing compounds such as lysolipids
or fatty alcohols.
Methods
Coarse-grained force ﬁeld derivation. The protocol to derive CG parameters
compatible with the SDK force ﬁeld involved several steps. First, in order to
develop a CG model for DAGs, an AA to CG mapping, consistent with those
previously described for phospholipids and triglycerides16,40, was deﬁned. To this
end, only a new bead for the hydroxyl group (OG) had to be introduced. Then, we
selected a series of representative OH-containing molecules constructed from the
beads deﬁned in the previous step and run one-component atomistic simulations
for each of the compounds in this set. This allowed us, using the procedure detailed
elsewhere14,41, to determine all the bonded and nonbonded LJ parameters invol-
ving the new bead. In short, the CG bonded parameters (equilibrium values and
force constants for bonds and angles) were adjusted to reproduce the averages and
standard deviations of the bond and angular probability distributions of the cor-
responding mapped atomistic simulations, whereas the CG nonbonded parameters
were determined by targeting experimental density and surface tension data.
Finally, as the quality of the model was assessed by examining its ability to estimate
the surface tension of DOG at the interface with water and the ﬂip-ﬂop rate of DLG
in a solvated POPC bilayer, and to mimic the experimentally known behavior of
mixed DOPC/DOG bilayers for increasing concentrations of DOG, the off-
diagonal LJ parameters corresponding to the interaction of OG with both water
and the PC headgroups had to be estimated. In the case of water, they were derived
by using interfacial tension as the target property. On the other hand, the para-
meters for the interaction with the PC headgroups were determined by using
structural information coming from atomistic simulations, RDFs in particular, as
targets. The methodologies used in these steps are discussed in more detail below.
Coarse-grained mapping. To keep consistency with the mapping previously
developed for phospholipids16, in which individual CG particles were used to
represent the glycerol moiety and each of the ester groups forming these com-
pounds, only a new bead (OG), to account for the hydroxyl group, was introduced
in order to develop the CG model for DAGs. The deﬁnition of the CG sites for the
hydrophobic lipid tails was also carried out adopting a strategy analogous to that
employed in previous studies; accordingly, each bead consistently contains two or
three carbon atoms and the hydrogens bound to them. All beads were placed in the
center of mass of all the atoms deﬁning it.
Coarse-grained model. The CG model utilized here uses simple potential energy
functions to describe the interaction between beads. In particular, bonded terms are
represented by means of harmonic potentials (Ubond and Uangle) and, to prevent
angle collapses when small angle force constants are employed, an ad hoc 1–3
repulsive term between tuples of beads connected by two consecutive bonds (Ucorr)
is incorporated in the angle potential expression. On the other hand, the non-
bonded interactions between neutral beads are described using LJ potentials. A
12–4 functional form is employed to model interactions where water is involved,
while a 9–6 LJ expression is used for interactions between other beads.
Ubond ¼
X
bonds
kbðrij  r0Þ2 ð1Þ
Uangle ¼
X
angles
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X
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All-atom molecular dynamics. Atomistic simulations of various OH-containing
molecules were performed to generate the reference data required to parameterize
the bonded terms of the CG potential. Typically, suitable starting conﬁgurations for
these systems (comprising 512 identical molecules) were built using PACKMOL42.
All simulations were carried out under periodic boundary conditions using the
GROMACS package43,44. The force ﬁeld parameters to describe hydrogen peroxide
and glycerol were adopted from previous studies45,46 whereas parameters com-
patible with the CHARMM 36 force ﬁeld47,48, generated via the CHARMM–GUI
interface49,50, were employed for the other molecules used in the derivation of the
new DAG force ﬁeld. The long-range electrostatic interactions were taken into
account using the particle mesh Ewald algorithm51 with a Fourier grid spacing of
1.5 Å and a real space cutoff of 12 Å. The van der Waals interactions were trun-
cated using the same cutoff, and a standard smoothing function for the tail region
(10–12 Å) was employed. The bonds involving hydrogen atoms were constrained
using the LINCS algorithm52, thus allowing the usage of an integration time step of
2 fs. All simulations were performed in the NPT ensemble. The temperature and
pressure were controlled by coupling the system to a stochastic velocity rescaling
thermostat53 and a Parrinello–Rahman barostat54, respectively. After a short
equilibration period, all simulations were run for 40 ns to lead to well-converged
bond and angular distributions.
Coarse-grained molecular dynamics. Representative snapshots of each of the
aforementioned one-component atomistic MD simulations were mapped into CG
representations with the help of the CG-it software (https://github.com/CG-it) and
employed as initial conﬁgurations for the CG–MD runs. An integration time step
of 10 fs was employed in all simulations, which were carried out with LAMMPS
(http://lammps.sandia.gov)55,56. Nonbonded interactions were truncated using a
15 Å cutoff. All CG parameters not comprising the new OG bead were adopted
from previous studies14,16,40. The runs executed to ﬁx the bonded parameters
involving OG were conducted in the NPT ensemble using a Nosé–Hoover ther-
mostat57 and barostat54,58,59 to control the temperature and pressure, respectively.
The determination of these parameters was performed iteratively by means of
sequential 5 ns runs, long enough to relax the molecular structures of the species
involved, until a good ﬁt was obtained. The CG nonbonded parameters describing
the interaction of OG with the other beads in the DOG molecule were adjusted by
running hundreds of simulations in a range of σ and ε values covering a sufﬁciently
wide area around initial guesses that were obtained using the Lorentz–Berthelot
combination rules60,61. The LJ parameters able to jointly reproduce, with the best
accuracy, the target experimental density and surface tension were selected. The
simulations performed to compute the average density were evolved in the NPT
ensemble and extended for 5 ns, whereas those carried out to calculate the corre-
sponding surface tension were performed in the NVT ensemble after increasing the
cell length along one of the axis (z-axis) by 40 nm to create the required vacuum/
liquid interfaces. In the latter case, 30 ns was typically needed to get converged
values. The surface tension was computed from the diagonal values of the pressure
tensor (Pxx, Pyy, and Pzz), using the Kirkwood–Irving method62, as follows:
γ ¼ L
2
hPzz 
Pxx þ Pyy
2
i ð5Þ
where L represents the box length along z and <…> denotes ensemble average.
Coarse-grained force ﬁeld validation. As previously mentioned, the quality of the
CG model developed was assessed by verifying its ability to accurately predict
experimental properties of DAGs. In particular, we aimed at reproducing the
surface tension of DOG at the interface with water, the ﬂip-ﬂop rate of DLG in a
solvated POPC bilayer and the behavior of mixed DOPC/DOG bilayers for
increasing concentrations of DOG. To this end, it was required to initially deter-
mine the LJ parameters corresponding to the interaction between OG and water,
and then derive those characterizing the interaction between the OG and the
PC group.
DOG interfacial tension. The nonbonded parameters to describe the interaction of
OG with water were ﬁxed by targeting the interfacial tensions experimentally
measured for the mixtures between alcohols (1-pentanol and 1-hexanol in parti-
cular) and water23. The protocol used was similar to that previously described
when looking at density and surface tension data; i.e., a series of short simulations
(30 ns) with distinct OG–W σ and ε values (chosen to sample a relatively broad
area around initial estimates derived from the Lorentz–Berthelot standard com-
bination rules) were carried out, and the values jointly leading to the best ﬁt were
selected. Initial conﬁgurations for these simulations were generated from equili-
brated snapshots of the trajectories used to calculate the average densities. To create
the required interface with water, the corresponding cells were elongated along the
z-axis by 60 Å and ﬁlled with water molecules before starting the dynamics. The
runs were performed with the lateral x and y dimensions constrained to their
original values while the orthogonal z dimension was allowed to ﬂuctuate. As
previously, the temperature and pressure were controlled by means of a
Nosé–Hoover thermostat57 and barostat54,58,59, respectively. The starting conﬁg-
uration of the simulation carried out to calculate the DOG interfacial tension was
built in an analogous way. In this case, the ﬁnal snapshot of an 80 ns run conducted
to equilibrate an orthogonal and periodic simulation box containing 512 DAG
molecules (originally placed in random positions) was selected as equilibrated
snapshot. This conﬁguration was then elongated along the z-axis, and the empty
space was ﬁlled with water molecules.
DLG ﬂip-ﬂop rate in POPC bilayer. To determine the parameters for the inter-
actions between OG and the CG particles (PH and NC) composing the PC moiety
of the phospholipids, we computed the OG–PH and OG–NC RDFs from atomistic
simulations carried out on a DOPC/DOG mixed bilayer at an 85:15 molar ratio and
then maximized their match with those calculated using CG–MD. The reference
trajectory was taken from a previous study26. A representative frame was extracted
from this trajectory and mapped into the corresponding CG representation before
starting the iterative search of the OG–PH and OG–NC nonbonded parameters
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that better reproduce the short-range features of the atomistic RDFs. The runs were
evolved in the NPT ensemble for 40 ns using semi-isotropic coupling to control cell
ﬂuctuations. Nonbonded interactions were truncated using a 15 Å cutoff, and an
integration time step of 10 fs was employed in all simulations. Moreover, a
particle–particle particle–mesh (PPPM) solver63,64 with an RMS force error of 10
−5 kcal mol−1 Å−1 and an order of three was employed to compute the long-range
electrostatic interactions beyond the aforementioned cutoff. Upon determination of
the OG–PH and OG–NC LJ parameters, DOG and DOPC were mutated into DLG
and POPC, respectively, in order to build a DLG/POPC system. This mixed bilayer
was then replicated (3 × 3) in the lateral directions (x and y) to avoid undesirable
size effects in the calculation of the free energy proﬁle associated to the DLG ﬂip-
ﬂop movement. The z-component of the distance between the OG bead of a
randomly chosen DLG molecule and the membrane center (deﬁned as the center of
mass of all the POPC glycerol beads) was chosen as reaction coordinate, ξ. US65,
using the collective variables module for LAMMPS66, was employed to overcome
poor sampling at energetically unfavorable conﬁgurations and estimate the PMF
along ξ. A simple harmonic function was employed for the distance restraint
potential.
V ξð Þ ¼ 1
2
k ξ  ξ0ð Þ2 ð6Þ
To allow for an adequate overlap between adjacent windows, altogether covering the
region 0 < |ξ| < 32 Å, umbrella simulations were started from 17 equispaced ξ0 values
(with a 2 Å spacing between them). A force constant, k, of 1.0 kcal mol−1 Å−2 was
applied to restrain ξ from sampling values very distant from the minimum of the bias
potential (ξ0). A production run of 200 ns was carried out for every window. The
initial conﬁgurations for each window were generated by pulling the selected DLG
molecule with a force of 1.2 kcal mol−1 Å−2 towards either the center of the mem-
brane or the bulk solvent until fully covering the range of ξ values under study (0 < |
ξ| < 32 Å). The umbrella histograms representing the biased probability distributions
obtained for each of the windows were combined to reconstruct the free energy
proﬁle along ξ using the weighted histogram analysis method67. Two independent
US simulations, differing on the initial location (upper or lower leaﬂet) of the DLG
molecule whose movement was biased, were performed. As a consequence, we
obtained a PMF per leaﬂet, and the ﬁnal PMF together with the associated error were
estimated as the mean and standard deviation, respectively, over the two leaﬂets.
DOPC/DOG bilayers at different DOG concentrations. Initial conﬁgurations
and input ﬁles for the different DOPC/DOG bilayers were obtained through
conversion of atomistic snapshots using the aforementioned CG-it software. The
atomistic conﬁgurations were built using the CHARMM–GUI interface. The CG
bilayers were composed of 3200 lipids, with different DOPC:DOG ratios (from 95:5
to 50:50). To investigate the spatial distribution of the different molecules during
the dynamics, 1.5-μs-long CG equilibrium simulations were performed on these
mixed bilayers, and lateral density proﬁles were calculated from these runs using
GROMACS tools. DOG ﬂip-ﬂop barriers for the various DOPC:DOG composi-
tions were estimated by Boltzmann inverting the populations obtained in the
above-mentioned lateral density proﬁles according to
A ξð Þ ¼ kTlnP ξð Þ ð7Þ
Data availability
The authors declare that all data supporting the ﬁndings of this study are available within
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